Ferromagnetic Enhancement of CE-type Spin Ordering in (Pr,Ca)Mn03 
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We present resonant soft X-ray scattering (RSXS) results from small band width manganites 
(Pr,Ca)Mn03, which show that the CE-type spin ordering (SO) at the phase boundary is stabilized 
only below the canted antiferromagnetic transition temperature and enhanced by ferromagnetism in 
the macroscopically insulating state (FM-I). Our results reveal the fragility of the CE-type ordering 
that underpins the colossal magnetoresistance (CMR) effect in this system, as well as an unexpected 
cooperative interplay between FM-I and CE-type SO which is in contrast to the competitive interplay 
between the ferromagnetic metallic (FM-M) state and CE-type ordering. 



The role of localized orderings and their interplay with 
competing ground states is central to understanding the 
novel physics of transition metal oxides which exhibit 
a variety of metal-insulator transitions, e.g. high tem- 
perature superconductivity, colossal magnetoresistance 
(CMR) etc [Tl[2]. In high temperature superconductors, 
the anomalous suppression of superconductivity around 
1/8 doping in La2-2:Ba2;Cu04 is attributed to the for- 
mation of static charge stripe ordering [3]. In man- 
ganites [H [S] , the competitive nature between ferromag- 
netic metallic (FM-M) and charge/orbital/spin ordered 
(CO/OO/SO) insulating states is best illustrated by the 
phase diagram shown in Fig. 1(a), in which transition be- 
tween different low temperature ground states can be 
driven by tuning the average ionic radius across the crit- 
ical value of 1.33 A [6j. Ferromagnetism in the FM-M 
state, through the double exchange interaction, tends to 
delocalize electrons, and is therefore in competition with 
electronic orderings. However, it is unclear whether the 
ferromagnetism mediated by the super-exchange interac- 
tion is also playing a competing role. Elucidating their 
interplay is critical for understanding the low tempera- 
ture CMR effect which involves the transition from a long 
range ordered insulating state to a FM-M state [7j |8] in 
systems like (Pr,Ca)Mn03 [Hj, where the CMR effect is 
largest |10| and the underlying physics is not well un- 
derstood. In this letter, we present experimental results 
supporting the cooperative interplay between FM-I and 
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FIG. 1: (a, b) Phase diagrams as a function of (a) A-site av- 
erage ionic radius and (b) doping. The CO/OOI, PI, CI, AFI 
and CAE denote charge/orbital ordered insulating, paramag- 
netic insulating, spin-canted insulating, antiferromagnetic in- 
sulating and canted antiferromagnetic states respectively, (c) 
Schematic drawing of the CE-type CO/OO/SO [11] at 50% 
doping. The arrows mark the directions for the OO and SO 
wave vectors. Red and blue colors represent opposite spins 
on the Mn sites. 



spin ordering (SO) in 30% doped (Pr,Ca)Mn03. 

Resonant soft X-ray scattering (RSXS) experiments 
were carried out at Beamline 8 of the Advanced Light 
Source (ALS) at Lawrence Berkeley National Labo- 
ratory using a two-circle diffractometer in a horizon- 
tal scattering geometry (see Fig. 2(a)). Single crystal 
(Pr,Ca)Mn03 samples with 30% (Pro.rCao.aMnOa) and 
50% (Pro.sCao.sMnOa) doping grown by traveling float- 
ing zone method were cut and polished to have optically 
flat surfaces with surface normal along the (1,0,0) direc- 
tion in the orthorhombic setting [12] . Because of the twin 
domains in the crystal, the orbital ordering (00) and SO 
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FIG. 2: (a) Schematic drawing of the experimental geometry. The azimuthal angle </> is defined to be when c-axis is in 
the scattering plane, (b) Intensity of the ordering peak as a function of momentum transfer q measured on 30% doped (Pr, 
Ca)Mn03 at 65 K with incident photon energies of 638.75 eV and 631 eV (block arrows in panel (e)) at <^=90°. (c,d) Azimuthal 
angular dependence of the ordering peak intensity on (c) 30% and (d) 50% doped samples at photon energies marked by symbols 
in panels (e,f). The dotted lines are fits to the data using a sin^(0 — ^o) function. (e,f) Resonance profiles measured at 65 K on 
(e) 30% doped sample with 4>= 90° and (f) 50% doped sample with 4>=^° respectively. The dotted lines are the XAS spectra 
measured in the total fiuorescence yield (TFY) mode (rescaled by 100 times). 



peaks at (0,1/2,0) and (1/2,0,0) can both be observed at 
similar scattering angles. However, their contributions 
can be distinguished via azimuthal angular dependence, 
temperature dependence and the slightly different order- 
ing wave vectors [12] . 

Resonant X-ray scattering is a direct probe for elec- 
tronic ordering [T3]. In particular RSXS at the Mn-L 
edge not only provides elemental sensitivity but also en- 
hances the weak electronic contributions from the Mn 
3d orbitals [T3HI7]- The resonance effect can be seen 
in Fig. 2(b) where the diffraction peak from CE-type or- 
dering is greatly enhanced when the incident photon 
energy is tuned on resonance. The observed ordering 
peak is very sharp - the full width half maximum Aq is 
smaller than O.OOSA"^, from which the correlation length 
^=27r/Aq is estimated to be larger than 2000A. This is 
surprising because the spectrum was taken from a 30% 
doped sample in the canted antiferromagnetic phase and 
it shows the ordering still has long range correlation even 
in close proximity to the FM-I state. 

To understand the RSXS results from the 30% doped 
sample, we compare them with those from a 50% doped 
sample where the ordering is most prominent. Both sam- 
ples were measured under identical experimental condi- 
tions and yet the RSXS data show striking differences. 
First of all, the maximum intensity occurs at different 
azimuthal angles - (/>=0° (c-axis in the scattering plane) 
for 50% doped sample and 0=90° (c-axis perpendicu- 
lar to the scattering plane) for 30% doped sample (see 
Fig.2(c,d)), and the difference does not depend on the 
incident photon energies. Second, striking differences 
can also be seen in the resonance profiles - intensity of 
the diffraction peak as a function of incident photon en- 
ergy, even though the X-ray absorption spectra (XAS, 
see black dotted curves in Figs.2(e,f)) are overall very 
similar, aside from a slightly more pronounced shoulder 
at K, 640eV for the 50% doped sample (indicated by the 



arrow in Fig. 2(f)). Such small differences in XAS spectra 
are likely caused by the variation in Mn valency as more 
Mn^+ states (fewer Cg electrons) are expected in the 50% 
doped sample, and the resulting change in the local envi- 
ronment (multiplet) might favor the 00 and SO differ- 
ently, leading to different resonance profiles (Figs.2(e,f)). 
The differences in the azimuthal angular dependence and 
resonance profiles suggest that the electronic ordering in 
the 30% doped sample is very different from that in the 
50% sample, albeit they share similar wave vectors. 

Although theoretical calculations of resonance pro- 
files [m [ini [17] will be useful to provide insights on 
the different orderings in these two samples, the treat- 
ment of quantum interference between multiple valency 
states in RSXS processes has been a challenging model- 
dependent issue. Thus to draw general (yet unambigu- 
ous) conclusions, we first performed a detailed study 
on the 50% doped sample (Fig. 3). From 245K to 
225K, the correlation length of the ordering increases 
quickly to wlOOOA (Fig.3(e)). Below 225K, only the 
peak intensity (Fig. 3(c)) shows strong temperature de- 
pendence while the ordering wave vector (Fig. 3(d)) and 
correlation length (Fig. 3(e)) remain nearly temperature- 
independent. This agrees with the general consensus that 
the ordering in the 50% doped sample is truly long range 
and energetically favorable. We further conclude that 
the 0=0° geometry is mainly sensitive to 00 while the 
0=90° geometry has additional sensitivity to SO, based 
on the following observations. First, resonance profiles 
taken with 0=0° (blue curves in Fig. 3(f)) agree well with 
those from 00 in (La,Sr)3Mn207 which has only 00. 
Second, at 0=90°, below Tjv ~ 165K there are two addi- 
tional peaks (indicated by arrows in the inset of Fig. 3(f)) 
in the resonance profiles at similar energies as those iden- 
tified as SO peaks [18]. The abrupt increase in the diffrac- 
tion peak intensity at the L// edge (red square symbols 
in Fig. 3(c)) as the temperature is lowered through T^r, 
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FIG. 3: Temperature dependence of (a,b) the diffraction peak at 641.6 eV with 4>=0° , (c) extracted intensity (d) peak position 
(e) correlation length, and (f) resonance profiles on 50% doped sample. The blue (red) symbols and curves in panels (c-e) were 
taken with (j)—0° {(j)—90°) respectively. The inset in panel (f) shows the zoom-in of the resonance profiles at Lju edge. The 
circular and square symbols in panel (f) mark the photon energies at which data in panels (c-e) were taken. 



also signals an additional SO contribution in the cf)— 90° 
geometry. Finally, this assignment of the 00 (SO) sen- 
sitivity also agrees with previous studies [171 HH] • 

Having estabhshed the sensitivity to SO (00) in the 
0=90° (0=0°) geometry, the azimuthal angular depen- 
dence data shown in Fig.2(c,d) suggests that at 65 K, 
the 30% doped sample (with maximum intensity at 
0=90°) is dominated by SO, while the 50% doped sample 
(with maximum intensity at 0=0°) is dominated by 00. 
Armed with such knowledge, we proceed to analyze the 
temperature dependence data from the 30% doped sam- 
ple (Fig. 4). Below T^co/OO: a weak and broad 00 peak 
is observed. Below Tjv, not only does the peak inten- 
sity gradually increase, but also the peak position moves 
quickly to slightly larger wave vector and the correla- 
tion length increases. The change of peak position sug- 
gests that the SO, whose ordering vector is slightly larger 
by 0.005A~^, is gradually becoming dominant. Below 
TcA^ 120K, the nearly temperature-independent peak 
position and correlation length, similar to what is ob- 
served in the 50% doped sample, signals the presence of 
long range SO. Significant changes are also observed in 
the resonance profiles between Tn and Tqa (Fig.4(e)). 
At 145K (above Tn) the resonance profile bears certain 
similarity to those of 00 (cf. blue curves in Fig.3(e)). 
Around 130K, gradual development of a spectral dip at 
the L// edge and a low energy peak at w 639eV is in 
agreement with the notion that SO is becoming domi- 
nant. However, unlike previous RSXS studies on 40% 
doped (Pr,Ca)Mn03, increase of the SO peak in the 30% 
sample occurs mainly below Tca - 20K lower than the 
expected temperature Tjy. This 20K difference points to 
the fragility of SO at this doping in proximity to FM-I 
phase and suggests that there is an additional mechanism 
that helps stabilizing it at lower temperature. 

The fragility of the CE-type ordering state can be un- 



derstood by the charge disproportionation. In 30% doped 
sample where there are more Mn3+ than Mn''+, the ad- 
ditional eg electrons act as disorder for the CE-type 00, 
making it much shorter range. The antiferromagnetic 
SO will also be affected but to a much less extent, since 
not only the e^ electron in Mn'^+ but also the three t2g 
electrons which are present in both Mn"^"*" and Mn'^+ are 
involved in SO. This explains why in both 40% and 30% 
doped samples the SO peak is much stronger (by at least 
100 time) than the 00 peak. In addition, 30% doped 
sample also lies at the phase boundary between FM-I 
and CE-type SO (cf. phase diagram in Fig. 1(b)). Right 
below Tjsf, the competition between FM-I with in-plane 
spins (below 30% doping) and SO with out-of-plane spins 
(above 30% doping) results in only fragile SO with short 
correlation length. The spins in the canted antiferro- 
magnetic phase (red and blue arrows in Fig. 4(f)) p!UH21) . 
to first order, can be viewed as a combination of FM-I 
with in-plane spin component (green arrows) and CE- 
type antiferromagnetic SO with out-of-plane spin compo- 
nent (gray arrows), either coexisting in the same region 
or phase separated in real space [20]. Although our re- 
sults cannot distinguish either scenario conclusively, the 
spin canting seems to be a more straightforward picture. 
Such canting favors both FM-I and SO, and the cooper- 
ative interplay of ferromagnetism and CE-type ordering 
becomes possible. 

The cooperative interplay between FM-I and CE-type 
SO in the canted antiferromagnetic phase is further sup- 
ported by the strikingly similar temperature dependence 
between the SO peak intensity measured in RSXS and 
the ferromagnetic moment measured on the Mn sites 
from neutron scattering [T9j (Fig. 4(b)). The cooperative 
or balanced interplay of ferromagnetism and CE-type or- 
dering at Tca is analogous, for instance, to the formation 
of the layered (A-type) super-exchange mediated antifer- 



4 




-1 


— lyin AFM i " 

— ri^nFM i - 

1 X200 i - 
^ta^ . . 1 . . . :i . 1 


: 

1 ... 1 ... 1 ., . 


t T ■ 

CA ; M CdffOO 
. , . r . , . 1 . , .'i , . 


" 







2 5 
2.0 o 
1.5 I t 
1.0^ 
0.5-C, 
0.0 




640 , 

photon energy 



650 



,660 



0.57 0.58 g.59 0.60 



60 80 100120140160180 
temperature (K) 




(eV) 



FM spin 



FIG. 4: Temperature dependence of (a) the diffraction peak (b) extracted intensity (c) peak position (d) correlation length 
and (e) resonance profiles measured on 30% doped sample at 652 eV with 0=90°. The green curve and the black broken line 
in panel (c) show the Mn Ferromagnetic moment and Mn antiferromagnetic moment (rescaled by 1.2) from neutron scattering 
measurements [19]. (f) A schematic drawing of the spin orientation in the canted antiferromagnetic state. 



romagnetic and metallic state for overdoped manganites, 
e.g., REi.^Sr^MnOa (x = 0.55) (RE = Pr, Nd) TI], 
and is generic to doped manganites exhibiting rich phases 
upon doping. The cooperative interplay between the CE- 
type SO and FM-I state suggests that the mechanism 
behind the FM-I state in 30% doped (Pr,Ca)Mn03 is 
likely to be mediated by super-exchange [53], since dou- 
ble exchange tends to delocalize electrons and enhances 
the competition between ferromagnetism and ordering. 

In summary, our RSXS results show that although the 
CE-type 00 is a robust ground state for 50% doped (Pr, 
Ca)Mn03, the SO/00 is fragile in 30% doped sample 
due to the large charge disproportionation and the com- 
petition of FM-I and SO, and the SO is enhanced only 
by the development of Mn ferromagnetic moment in the 
canted antiferromagnetic phase. We believe that such 
delicate balance between competition (right below Tjv) 



and cooperation (below Tqa) between FM-I and CE- 
type SO is directly relevant to the large CMR effect re- 
ported in this material. 
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